In this work we study the influence of orbital viscosity on the dynamics of the order parameter texture in the superfluid B-phase of 3 He near a moving boundary. Based on the redistribution of thermal quasiparticles within the texture, we develop a model which bestows a significant effective mass on the interface, and gives a new mechanism for friction as the boundary moves. We have tested the model against existing data of a moving A-B interface whose motion was controlled using magnetic field. The model allows some predictions in experimental situations which involve texture rearrangement due to the B-phase boundary motion.
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Many systems [1] [2] [3] [4] [5] [6] [7] condense into coherent states characterised by a "rigidity" to distortions in their wave function description [8] . Among such systems, superfluid 3 He at very low temperature can condensate in two phases A and B. The bulk properties of the A-and B-phases are presently very well understood [9] . However close to the boundaries, the topology of the order parameter changes and one might expect unconventional behaviour [10] . The work described here is motivated by the unexpected dissipation observed in actual experiments involving B-phase boundaries. We have found a new mechanism for friction inside a superfluid condensate that is generally thought to be frictionless. This mechanism should be relevant to all multiple-phase coherent condensates with non-trivial topologies. We show, the change in the topology of the orbital angular momentum has associated with it an effective inertia and damping. We are able to make quantitative predictions and successfully test these against previously unexplained observations, as well as propose future experiments.
Superfluid
3 He can be thought of as comprising three separate components: the mass superfluid, the spin superfluid and the orbital superfluid. The dynamics of the orbital superfluid is so strongly clamped by the normal fluid that it has been ignored for the whole history of superfluid 3 He. In zero magnetic field the superfluid B-phase of 3 He is pseudo-isotropic, with no net spin or orbital angular momentum and an isotropic energy gap ∆ 0 [11] . However, in a magnetic field the B-phase order parameter is distorted and the energy gap acquires a minimum along the orbital anisotropy axis l l l B . When the magnetic field is strong (like the one needed to stabilize the Aphase), the B-phase anisotropy is dominated by Zeeman splitting thus a large density of thermal excitation occupy states along the l l l B axis. Any sudden change in the spatial orientation of l l l B will generate substantial dissipation as the thermal excitations must redistribute. This redistribution has both a dissipative component which can be related to orbital viscosity [12] , and a reactive one which can be characterized as an effective mass [13] .
Usually, the orbital textures bend near the boundaries. For example, in cylindrical geometries, with the magnetic field parallel to the cylindrical axis, the energetically favorable spatial distribution of l l l B is the "flare-out" texture [14] [15] [16] . Here, l l l B is oriented parallel to the magnetic field far from the walls and bends so it comes perpendicular to the side walls. Another place to look at the change of the orbital axis l l l B is at the interface between the A-phase and the B-phase, stabilized by a magnetic field gradient (at low temperatures and pressures the critical field for the A-B phase transition is B c =340 mT). In the bulk of the B-phase l l l B points along the magnetic field direction, but closer to the interface it is energetically favorable for it to be parallel to the interface [17] .
In this work we study the effect of the change of the orbital direction at the boundaries of the B-phase in magnetic fields due to the movement of these boundaries. As we are interested in the change of the tilt angle, taking as reference the direction of the magnetic field, this can be considered a nutation motion when described using Euler angles. We apply the results to describe the dynamical behavior of an oscillating A-B interface in high magnetic fields at very low temperatures and to give some predictions when the B-phase boundaries move. The dissipation will depend on the orientation of the movement of the boundary with respect to the equilibrium texture configuration.
In a magnetic field the energy of a quasiparticle excitation with momentum p and spin σh is given by [18, 19] 
where
is the kinetic energy relative to the Fermi energy. Here ∆ and ∆ ⊥ are the energy gaps parallel and perpendicular to l l l B , p and p ⊥ are the parallel and perpendicular components of the quasiparticle momentum, p F is the Fermi momentum and v F is the Fermi velocity. The Fermi-liquid corrected quasiparticle Zeeman energy is σh ω L with σ = ±1/2. In practice, the Zeeman splitting dominates the anisotropy and so ∆ and ∆ ⊥ can be approximated by the zero field gap ∆ 0 [19] [20] [21] . The minimum quasiparticle energy is a function of the angle between its momentum and the l l l B axis. At temperatures far below T c the vast majority of excitations occupy the lowest energy states with momenta centered around the l l l B axis. Any distortion of the local orientation of l l l B will change the quasiparticle energies. The subsequent relaxation of the excitations occurs over a time scale τ. This is the essential mechanism for providing the effective mass and friction of the boundaries under nonstationary conditions. Taking θ to be the angle between the magnetic field and the l l l B vector, a change in the orientation of l l l B by an amount δ θ θ θ changes the quasiparticle energies by
which produces a viscous torque [22, 23] 
where µ is the orbital viscosity. The orbital viscosity µ in the B-phase at low temperatures was previously shown to be [12] 
to first order in ω 2 L , where τ is quasiparticle relaxation time, N(0) is the normal density of states at the Fermi surface, and ∆ is approximately equal to the zero field gap ∆ 0 .
Let us assume that the orbital texture in the B-phase responds instantaneously to the changing position of the interface. This means that we neglect the orbital dynamics and suppose that l l l B always has its equilibrium orientation θ θ θ (r − r I ) relative to the position of the boundary interface r I . This adiabatic approximation is ultimately justified as long as the characteristic time of the motion of the boundary is much greater than τ. A fuller treatment in the future ought to take into account the dynamics of the l l l B texture itself. Now consider a small change in the position of the boundary interface δ r I . This causes the texture orientation in the B-phase to adjust by δ θ θ θ (r) = ∇θ θ θ · δ r I
and thusθ θ θ = ∇θ θ θ ·ṙ I .
Note that ∇θ θ θ is a tensor of the second order. The corresponding work done on the quasiparticle distribution is
where the integral is over the whole volume of the B-phase. We can find the corresponding effect on the boundary dynamics by considering the work done by the viscous torque (7) and equating it to the work done by a moving boundary. The force exerted per unit surface by the moving boundary, considering only the effect of the viscous torque, will have a reactive and dissipative components corresponding to the inertial and frictional parts respectively F = m lrI + γ lṙI . We can decompose the motion into the Fourier modes, sor I = iωṙ I and the work done on moving the interface by δ r I can be written as
FIG. 1. Sketch of the case discussed in the main text. The interface lies in the xy plane. In the bulk the magnetic field B points to the z z z direction so does the l l l B texture. On approaching to the interface l l l B must rotate to become parallel to the interface.
Equating this with the work done on the quasiparticles, Eq. (7), and using expressions (5) and (6) gives
Thus the friction coefficient γ l is related to the real part of the orbital viscosity µ and the effective mass of the interface m l is related to the imaginary part. Equation (9) allows to make some predictions. Let us take the simplest case where the equilibrium texture configuration is parallel to the interface which is in the horizontal direction, and in the bulk the l l l B texture is vertical, in the direction of the magnetic field B B B. The situation is shown in Fig. 1 . In this configuration l l l B must rotate to become horizontal on approach to the interface [17] . The change in orientation occurs over a distance of order ξ B . This texture has been calculated numerically by finding the configuration which minimizes the bending energy and the magnetic free energy simultaneously [23] . It is plotted in Fig. 2 where θ denotes the angle between l l l B and the vertical axis z z z.
Thus, in this particular situation the texture θ θ θ (z) is described well by
Now take as the displacement of the interface a translation in the x x x and z z z directions,
soṙ I =ṙ(cos φ , 0, sin φ ).
Then using (9) and (11) we get Thus, for φ = 0, which corresponds to a boundary displacement parallel to the interface, the effective mass and dissipation disappears, while the maximum will occur for a displacement in the normal direction. It must be noted that the presence of any defect in the texture on the boundary or a different equilibrium configuration of the texture will change this prediction, but nevertheless we expect that there should be preferred directions for the effective mass and the dissipation.
We can apply our model to an oscillating A-B interface. The dynamics of the A-B interface itself is particularly interesting at low temperatures. It has been proposed that the interface has an effective mass and there is dissipation due to pairbreaking and Andreev scattering when it moves [10] . Indeed at higher interface velocities the pair-breaking has analogies with Schwinger pair-creation and the Unruh effect in particle physics [24] . It was found experimentally [25] that the friction values of a fast freely-moving interface in low magnetic fields were in line with theoretical estimates based on the Andreev scattering of thermal quasiparticle excitations [26] . Later measurements made in Lancaster in high magnetic fields and much lower temperatures [27] found the friction to be orders of magnitude higher than the theoretical predictions [10, 26, 28] . The measurements were made on an interface that was stabilized and driven into controlled oscillation using shaped magnetic field profiles, and at much lower temperatures where pair-breaking was expected to dominate the dissipation [29] . Furthermore, the dissipation showed non-linear behavior that appeared to depend on the frequency of the oscillations of the interface. It was pointed that the dynamics of an oscillating A-B interface in high magnetic fields and low temperatures is dominated by orbital viscosity and by a significant effective mass generated by thermal quasiparticle excitations in the B-phase order parameter texture [13] . The change of the surrounding texture and energies of thermal quasiparticles should contribute to the effective mass of the interface and also produce dissipation due to orbital viscosity [12] .
The motion of the interface can be described by [26] mr I + γṙ I = n AB ∆G AB ,
where n AB the surface normal directed toward the B-phase, and ∆G AB = 1/2χ AB (B 2 c − B 2 ) the Gibbs energy difference per unit volume for the two phases with χ AB being the difference in the magnetic susceptibilities of the A-and B-phases.
In order to simplify the calculations, we will further assume as before that the B-phase responds instantaneously to the changing position of the interface and that the boundary remains flat during its motion. This last approximation is valid as long as the healing length ξ B over which l l l B changes direction is smaller than the size of the boundary and the effect of the side walls in the form of a meniscus can be neglected. We note, that in the A-phase the preferred orientations of the orbital vector l l l A in the bulk and on the surface are the same, so the orbitropic effect does not manifest in the A-phase when the interface is moving along the direction of the magnetic field.
Under those conditions Eq. (9), after substituting dV = Adz with A the area of the interface, reads
We can estimate the integral in Eq. (16) by supposing that θ changes exponentially from π 2 to zero over the textural healing length ξ B , as given by Eq. (11). The integral in Eq. (16) is then evaluated as
The numerical evaluation of this integral based on the texture configuration which gives the minimum for the bending energy and the magnetic free energy simultaneously results 1.2353/ξ B instead. Substituting Eqs. (4) and (17) in Eq. (16) gives the following estimates for the friction coefficient
and the effective mass
(19) So that the friction and mass parameters of Eq. (15) become m = m l and γ = γ 0 + γ l . The contribution γ 0 comes from Andreev scattering and pair breaking [10, 26, 28] , or any dynamical friction with the walls.
Let us test the results on the experimental data . The experiments were performed on a sample of superfluid 3 He contained in a sapphire tube connected to the inner cell of a Lancaster-style nuclear cooling stage. They are described earlier in more detail [27] . The sapphire tube has internal diameter 4.3 mm and length 44 mm. The experiments were carried out at a pressure of 0 bar . A solenoid stack was used to create a shaped magnetic field profile to stabilize the A-phase in the bottom of the tube in fields above the transition field B c = 340 mT [27, 30, 31] , whilst maintaining the top of the tube in the low field B-phase. Once the A-B interface was established across the tube, a small additional alternating field was applied to oscillate the interface over a range of frequencies.
To evaluate γ l and m l for the experimental data in Fig. 3 we took the following values:h ω L = 0.67∆ 0 , from [19] [20] [21] ; ∆ 0 = 1.76k B T c with T c = 0.929 mK at 0 bar pressure, from [32] ; N(0) = 1.0 × 10 51 m −3 , from [32, 33] ; and T = 155 µK (noting that this is an average temperature, and the actual temperature during the measurements varied from T = 150 µK to T = 160 µK as the dissipation increased from low to high frequencies). We assume ξ B = 0.1 mm, using some estimations for fields close to B c [16, 17, [34] [35] [36] .
The only unknown parameters in our model are the quasiparticle relaxation time τ and the frequency independent dissipation term γ 0 , which is an additive term to γ l in (18) . The model predictions are shown together with the experimental data in Fig. 3 . We have found that two values of τ on the order of tens of milliseconds are needed to fit the experimental data, depending on the magnitude of the driving magnetic field. The value for τ calculated for the uniform texture and for the given experimental conditions is only a few milliseconds [37] . With the texture bending, the quasiparticles may become trapped within the texture, which would increase their relaxation time. In the case of the dissipation parameter γ 0 , two different values are needed as well to successfully fit the measured dependence. The values of γ 0 roughly scale as the amplitudes of the driving field (their ratio being about 3). For the set of experimental data in the case of the 214 µT drive, we have also considered the fitting with no extra constant dissipation. The lack of experimental data at higher frequencies prevents us from drawing further conclusions. We remark that texture bending could be a function of the driving amplitude and remains to be further investigated.
In future experiments the orbitropic effect can be studied in other, less complicated situations. For example, in a magnetic field in the vicinity of a thin superconducting wire carrying alternating current. The magnetic field generated by this current will reorient the texture in 3 He-B, thus causing dissipation (the magnetic field on the surface of a 0.1 mm thick wire carrying 1 A is 4 mT and the field gradient is 80 T/m).
Finally, we would like to comment on the results of a recent paper concerning the motion of the A-B interface [38] . The paper predicts a very peculiar form of a magnetic wave that can be excited at the interface: as the two superfluid phases have different magnetic susceptibilities, the phase transition between them is accompanied by a change in magnetisation. The author estimates that the effective inertia of such a wave is not large enough for the wave to be excited in a typical ex- periment. However, the orbitropic effect will endow the wave with a high value of the effective mass: at the resonant frequency of the wave ( f res = 220 Hz for typical experimental conditions) our calculation (19) gives m l = 8.5 × 10 −7 kg/m 2 which is about 100 times greater than that predicted in [38] . As a result, the dissipation rate of 35 s −1 is small compared to 2π f res and makes the observation of the magnetic phase wave more realistic.
In conclusion, in this work we have considered a new dissipation mechanism based on the redistribution of thermal quasiparticles in the orbital texture. We have investigated its effect at the boundaries of the B-phase, and studied the consequences of the change of the nutation angle of the orbital vector l l l B . We have estimated the effective mass and dissipation associated with this motion, assuming adiabatic approximation of the influence of the orbital dynamics on the boundary dynamics. The main result is expressed in Eq. (9) . Further, we have applied the theory developed to the dynamics of an oscillating A-B interface. The results are in a reasonable agreement with the experimental data and explain the increase in dissipation for frequencies above 2 Hz which could not be explained by existing theories.
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